The porcelain crab Petrolisthes cinctipes lives under rocks and in mussel beds in the mid-intertidal zone where it experiences immersion during high tide and saturating humid conditions in air during low tide, which can increase habitat temperature by up to 20°C. To identify the biochemical changes affected by increasing temperature fluctuations and subsequent heat shock, we acclimated P. cinctipes for 30 days to one of three temperature regimes: (1) constant 10°C, (2) daily temperature fluctuations between 10 and 20°C (5 h up-ramp to 20°C, 1 h down-ramp to 10°C) and (3) 10-30°C (up-ramp to 30°C). After acclimation, animals were exposed to either 10°C or a 30°C heat shock to analyze the proteomic changes in claw muscle tissue. Following acclimation to 10-30°C (measured at 10°C), enolase and ATP synthase increased in abundance. Following heat shock, isoforms of arginine kinase and glycolytic enzymes such as aldolase, triose phosphate isomerase and glyceraldehyde 3-phosphate dehydrogenase increased across all acclimation regimes. Full-length isoforms of hemocyanin increased abundance following acclimation to 10-30°C, but hemocyanin fragments increased after heat shock following constant 10°C and fluctuating 10-20°C, possibly playing a role as antimicrobial peptides. Following constant 10°C and fluctuating 10-20°C, paramyosin and myosin heavy chain type-B increased in abundance, respectively, whereas myosin light and heavy chain decreased with heat shock. Actin-binding proteins, which stabilize actin filaments (filamin and tropomyosin), increased during heat shock following 10-30°C; however, actin severing and depolymerization proteins (gelsolin and cofilin) increased during heat shock following 10-20°C, possibly promoting muscle fiber restructuring. RAF kinase inhibitor protein and prostaglandin reductase increased during heat shock following constant 10°C and fluctuating 10-20°C, possibly inhibiting an immune response during heat shock. The results suggest that ATP supply, muscle fiber restructuring and immune responses are all affected by temperature fluctuations and subsequent acute heat shock in muscle tissue. Furthermore, although heat shock after acclimation to constant 10°C and fluctuating 10-30°C showed the greatest effects on the proteome, moderately fluctuating temperatures (10-20°C) broadened the temperature range over which claw muscle was able to respond to an acute heat shock with limited changes in the muscle proteome. 
INTRODUCTION
Environmental temperature has a ubiquitous effect on rates of biochemical reactions and cellular structures in ectothermic organisms, which have adapted their cellular processes and structures to cope with the specific thermal properties of their habitat (Somero, 2012; Tomanek, 2010 ). An organism's ability to adjust biochemical processes to different body temperatures is in large part determined by the rate and amplitude of temperature change and its evolutionary history, e.g. the thermal environment it occupies and recent thermal history, e.g. acclimatization. For example, intertidal organisms show different physiological responses to heat stress during emersion and immersion as a result of differing heating rates under each condition (Bjelde and Todgham, 2013; Tomanek and Somero, 2000) and closely related species occupying environments that vary greatly in thermal fluctuations along the physical gradient from the subtidal to the mid-intertidal zone differ in their ability to adjust cardiac thermal performance and heat-shock protein synthesis in response to temperature acclimation (Stillman, 2003; Tomanek and Somero, 1999) . However, although we have a good understanding of the thermal range of organisms and their physiological plasticity in response to constant temperatures and acute heat stress, very little is known about how daily temperature fluctuations affect the physiology of organisms and determine the response to a subsequent acute heat stress.
Studies on the intertidal mussel Mytilus show that acclimation to fluctuating temperatures broadens the range over which metabolic rate is temperature-independent and that temperature range of filtration-feeding is expanded in comparison to animals acclimated to constant temperatures (Widdows, 1976) . A study on the response of the water flea (Daphnia pulex) to various temperature fluctuations (15°C, 15-25°C and 15-30°C daily) showed that the greatest fluctuations reduced metabolic rates after six generations but increased temperature tolerance after over 15 generations (Chen and Stillman, 2012) . Thus, greater fluctuations come with increased physiological costs but also increased stress tolerance, suggesting a trade-off between the two. The evolutionary adaptations to differences in temperature fluctuations are largely unknown, although a study on gammarid amphipods showed greater molecular diversity in myosin isoforms in congeners from thermally more variable environments (Rock et al., 2009) . A study on the transcriptomic changes in liver tissue of annual killifish (Austrofundulus limnaeus) in response to constant and fluctuating daily temperatures showed that genes involved in cell growth and proliferation, molecular and chemical chaperones and maintenance of membrane integrity differ between these conditions, providing a framework for the cellular processes that might be affected by temperature fluctuations (Podrabsky and Somero, 2004) . To our knowledge there has not been a study of the proteomic changes that might occur under fluctuating temperature regimes, especially not for intertidal organisms that are typically experiencing greatly fluctuating thermal conditions.
Proteomic analyses of non-model organisms have become possible recently because of the increasing number of completed genome sequences and well-annotated expressed sequence tag (EST) libraries and have added to our understanding of the responses of marine organisms to temperature, osmotic, hypoxic and oxidative stress (Tomanek, 2011; Tomanek, 2014) . Specifically, a number of recent proteomic analyses of gill tissue of several marine non-model organisms in response to acute heat and chronic warm temperature stress showed that temperature stress increases the abundance of oxidative stress proteins and molecular chaperones, presumably because of the effect of reactive oxygen species on the cytoskeleton (Dilly et al., 2012; Fields et al., 2012a; Fields et al., 2012b; Tomanek and Zuzow, 2010) . However, how temperature fluctuations affect the proteomic response to heat stress is not known.
Species of the porcelain crab genus Petrolisthes are distributed from the shallow subtidal to mid-intertidal zone of rocky shores where they experience temperature fluctuations of up to 20°C during a tidal cycle under conditions that range from submersion to fully humid (Teranishi and Stillman, 2007) . Furthermore, the trancriptome of several tissues of one species, Petrolisthes cinctipes, has been characterized in response to acute temperature stress (Tagmount et al., 2010; Teranishi and Stillman, 2007) . Petrolisthes cinctipes occupies the mid-to high-intertidal zone and has one of the highest thermal tolerances of the temperate Petrolisthes congeners (Stillman and Somero, 2000) . In addition, it shows limited adjustments in thermal limits, e.g. LT 50 , with increasing acclimation temperature, in contrast to its subtidal to low-intertidal temperate congeners (Stillman, 2003) . Thus, given the thermal biology of P. cinctipes and with the transcriptomic database as a foundation for the identification of proteins with mass spectrometry, we assessed how the proteome of claw muscle tissue changes during acclimation to three different ranges of temperature fluctuations and a subsequent heat stress. Our results suggest that different ranges of thermal fluctuations affect energy metabolism, oxygen delivery, actomyosin structures and dynamics and the immune response of claw muscle tissue during subsequent heat stress.
RESULTS AND DISCUSSION
We generated a fused image comprising gels from all temperature acclimation and acute heat shock treatments. In this fused gel image ( Fig. 1) , we detected 469 protein spots. Of these spots, 42% (197) changed abundance in response to temperature acclimation, acute heat shock, or their interaction; functional annotations were available for 73.6% (145) of these proteins (supplementary material Table S1 ). Changes in protein abundance may be attributed to an increase or decrease in synthesis, degradation or post-translational modifications (PTMs), including partial proteolysis. Thus, our interpretation is based on a subset of protein isoforms, which might not represent the full complement of isoforms of a particular protein and therefore might not represent the complete abundance of this protein. With these limitations in mind, our interpretations are meant to be hypotheses that generally require further validation.
To discuss the contribution of the cellular processes associated with the function of specific proteins, we grouped proteins into the following categories: ATP buffering, energy metabolism, respiratory, cytoskeletal and signaling proteins. Cytoskeletal proteins were separated into thin filament (actins), thick filament (myosins) and actin-binding proteins.
Principal component analysis
We conducted principal component analyses (PCAs) to assess the variation in protein abundance patterns based on statistical significance for acclimation, heat shock or interaction effects, based on a two-way permutation ANOVA (P≤0.02). Principal components Table S1 ).
(PCs) that separated the treatments were analyzed further by identifying proteins that contributed the most to the separation, based on their loadings.
The first PCA ( Fig. 2A ) includes 83 proteins (65 identified) that were significant for an acclimation effect. The first component (PC1; 30.5%), separated both 10-30°C acclimation treatments (positive values on x-axis) from all other treatments. The second component (PC2; 16.4%) represented the effect of 10°C and 10-30°C acclimation regimes on a subsequent heat shock (negative values on y-axis). Heat shock following the 10-20°C acclimation only had a limited effect on shifting samples along PC2, suggesting that these temperature fluctuations induced a cellular response that prepared the animals for . Each symbol represents a crab acclimated to 10°C (blue), 10-20°C (green) and 10-30°C (red) and either subsequently exposed to 10°C (striated) or a 5 h up-ramp to a 30°C heat shock plus a 1 h down-ramp 10°C recovery (solid line) (samples collected after recovery at 10ºC). Principal components 1 and 2 (PC1 and PC2) and the percentage of the total variation of the selected (significant protein) data set they explain are shown. See text for explanation of PC1 and PC2 for each PCA.
a 30°C heat shock, requiring limited changes of the proteome. The 10°C and 10-30°C acclimation regimes did not do the same. Thus, moderate temperature fluctuations broadened the range over which the claw muscle could respond to heat stress.
Proteins representing ATP buffering (arginine kinase), glycolysis (phosphoglycerate kinase and enolase) and thin (actin) filaments showed the most positive loadings (indicating greater abundances in the 10-30°C acclimation group; Table 1 ). ATP buffering and thin filament proteins also contributed highly negative loadings (lower abundances in the 10-30°C acclimation), suggesting that these functions changed the most with the most extreme daily temperature fluctuations. Interestingly, whereas some glycolytic proteins showed highly positive loadings (phosphoglycerate kinase and enolase), others showed highly negative loadings (fructose 1,6-bisphosphate aldolase or aldolase) for PC1, suggesting differences between the preparatory and the pay-off phase of glycolysis. Similarly, although some full-length hemocyanins showed highly positive loadings (spots 58 and 59), others that are fragments of the full-length protein (spots 37 and 160) showed negative loadings, suggesting that fulllength hemocyanin increased whereas fragments decreased in the 10-30°C acclimation (see below).
PC2 separated the 10°C and 10-30°C heat shock treatments from all others. The pay-off phase of glycolysis and ATP buffering contributed the most to the positive loadings (Table 1) , similar to PC1. ATP buffering (five arginine kinase isoforms) and actin-binding proteins (three filamin isoforms) contributed the most to the negative loadings (higher abundances at 10°C heat shock and 10-30°C heat shock). Additionally, a neurogenic notch homolog played a role during heat shock.
The PCA based on proteins that significantly changed with acute heat shock included 130 (90 identified) proteins (Fig. 2B) . The heat shock treatments of all three acclimation regimes are separated along PC1 (23%; positive) and PC2 (15.8%; negative).
Glycolysis (glyceraldehyde 3-phosphate dehydrogenase or GAPDH), ATP-buffering, thin filaments and respiratory (or antimicrobial -see below) proteins (hemocyanin fragments) contributed highly positive loadings to PC1, with higher abundances following heat shock (Table 2) . Four myosin heavy chain (three type B) isoforms contributed highly positive loadings. The negative loadings of respiratory proteins (full-length hemocyanins) and thick filaments (myosin non-type-B) along PC1 coincided with lower abundances during heat shock. The role of prostaglandin reductase, which showed the second highest positive loading along PC1, might be to suppress inflammation during heat shock (see below).
Along PC2, positive loadings by four myosin regulatory light chain isoforms coincided with lower abundances during heat shock. Combined with the loadings for PC1, it seems that heat shock leads to higher abundances of myosin heavy chain (type B and non-type B) but lower abundances of different myosin regulatory heavy and light chain isoforms. Negative loadings of three filamins, an actinbinding protein that connects actin filaments (van der Flier and Sonnenberg, 2001) , along PC2 were based on higher abundances during heat shock following the 10°C and 10-30°C acclimation regimes. Thus, heat shock leads to higher abundances of myosin heavy chain (but lower abundances of myosin regulatory light chain and distinct heavy chain isoforms), hemocyanin fragments (spots 12 and 138), filamins and arginine kinase isoforms.
Seventy-one proteins (55 identified) contributed significantly to the interaction effect (Fig. 2C) . PC1 (26.3%) separated the control (most positive) and the heat shock (most negative) treatments of the 10-30°C acclimation regime the most. PC2 (17.6%) separated the 10°C acclimation plus heat shock (most negative) from all other treatments. In contrast, 10-20°C acclimation control and 10-20°C acclimation control plus heat shock overlapped, again suggesting that moderate temperature fluctuations broaden the range over which claw muscle can respond to an acute heat stress. More specifically, several thin filament and respiratory proteins (most positive loadings) increased with acclimation to 10-30°C, whereas ATP buffering and thin and thick (myosin heavy chain) filament proteins (most negative loadings) increased with 10-30°C plus heat shock (Table 3) . Also, full-length hemocyanins increased under the 10-30°C acclimation regime under control, but not acute heat shock. Compare table with results in Fig. 2A .
ATP buffering also contributed high negative loadings to PC2 by increasing abundances with heat shock following the 10°C acclimation. Thin and thick filaments contribute positive loadings, suggesting that some actins and myosin decreased abundance at 10°C acclimation plus heat shock. Two enolase isoforms showed positive loadings along PC2 (decreasing abundance with 10°C acclimation plus heat shock), whereas another glycolytic protein, GAPDH, showed highly negative loadings for PC2 (higher abundance with 10°C acclimation plus heat shock). This suggests that these glycolytic reactions are responding differently to heat shock following acclimation to 10°C: with a decrease and increase in abundance with heat shock for enolase and GAPDH, respectively. GAPDH also increases abundance with heat shock following the 10-30°C acclimation.
Energy metabolism
The majority of metabolic proteins identified are either involved in the transfer of phosphoryl groups, e.g. arginine kinase, or in ATP Compare table with results in Fig. 2B . Compare table with results in Fig. 2C .
production via glycolysis, e.g. GAPDH. We will first discuss them separately and then describe possible links.
Phosphotransfer proteins
Thirty arginine kinase isoforms changed abundance and were separated into four general groups: those with high abundance following the 10-30°C acclimation (cluster I), high abundance following 10-20°C heat shock (and low abundance following 10-30°C; cluster II) and those with high abundance during heat shock following 10°C acclimation (and some isoforms following 10-30°C heat shock; cluster III) or all three acclimation treatments (cluster IV; Fig. 3 ). These groupings are generally supported by the statistical results, indicating significance for acclimation (clusters I and II) or heat stress (cluster IV) alone or an interaction effect (cluster III). The number of arginine kinase isoforms varied from five (cluster I) to nine. The diversity of arginine kinase isoforms can, in part, be explained by the existence of four different arginine kinase transcripts in the Petrolisthes EST library (Tagmount et al., 2010) . They may be separate isoforms for the cytosolic and mitochondrial compartment (Uda et al., 2006) . Although no post-translational modifications have been reported for arginine kinase, it is possible that arginine kinase has similar post-translational modifications to its vertebrate functional homolog, creatine kinase, which include nitrosylated or glutathionylated thiol groups that are related to oxidative stress and can affect creatine kinase activity (Reddy et al., 2000; Wolosker et al., 1996) . Glutathionylation of one protein cysteine residue reduces the pI by 0.5 pH units (Ubuka et al., 1987) .
Interestingly, several arginine kinase isoforms that increase abundance with heat shock (clusters III and IV) show lower pIs that are about one pH unit lower than the majority of arginine kinase isoforms of cluster I, possibly indicating two glutathionylation sites (Fig. 3) . Claw tissue includes four muscle subtypes (dactyl, propodus, carpus and merus), but there is no evidence for musclespecific arginine kinase isoforms. Another 2-D gel electrophoresis analysis on the prawn Marsupenaeus japonicas showed three isoforms increasing abundance in muscle tissue during recovery from hypoxic stress (Abe et al., 2007) , suggesting that energetic stress causes changes in the abundance of multiple arginine kinase isoforms.
Given that the temperature fluctuations applied in our experiment probably affected reaction rates and therefore caused high and fluctuating ATP consumption rates, we assume that arginine kinase's main function under these circumstances is the transfer of phosphoryl groups from arginine phosphate to MgADP -to maintain ATP levels and thereby energy homeostasis (Ellington, 2001; Hochachka, 2003) . However, arginine kinase also affects glycolytic rates through the release of inorganic phosphate, which serves as (1) a substrate for glycogen phosphorylase, leading to the breakdown of glycogen to glucose-1-phosphate, and (2) a H + buffer during glycogenolysis and glycolysis (Ellington, 2001; Griffiths, 1981) . Support for a possible role of arginine kinase isoforms in regulating glycogenolysis comes from the identification of glycogen phosphorylase, which increased abundance with heat shock after acclimation to 10°C and 10-20°C (Fig. 4) . Furthermore, glycogen phosphorylase is regulated by phosphorylation and, in addition, AMP levels [for an interesting historical account of this topic, see Fischer (Fischer, 2013) ], which are regulated in part by adenylate kinase, which catalyzes the conversion of two ADP into ATP and AMP and showed an interaction effect (Fig. 3 ). Together these findings suggest an important role for ATP-buffering and glycogenolysis during heat shock after acclimation to constant 10°C and moderately fluctuating temperatures and a possible role for arginine and adenylate kinase in regulating these cellular pathways.
Glycolysis
Most of the metabolic proteins that changed during acclimation and acute heat shock are part of the glycolytic pathway (Fig. 4 ). Acclimation to different thermal conditions, followed by a 30°C heat shock, led to three major clusters of protein abundances: cluster I showed increased abundances specifically during heat shock following the 10-30°C acclimation in nine protein isoforms. Six of the isoforms in this cluster were identified as GAPDH, one as triose phosphate isomerase (TPI), enolase and pyruvate dehydrogenase (PDH), respectively. Cluster II showed an increase in abundance of three enolase and one phosphoglycerate kinase isoforms during 10-30°C acclimation. Cluster III showed an increase in abundance by three enzymes, GAPDH (three isoforms), TPI and aldolase, during heat shock following acclimation to 10°C and 10-20°C. This cluster also includes glycogen phosphorylase. Thus, we have a cluster that is characterized by an increase in abundance with acclimation to 10-30°C (cluster II) and with heat shock following acclimation to 10-30°C (cluster I) and 10°C as well as 10-20°C (cluster III). Thus, the three reactions from fructose-1,6-bisphosphate to 1,3-bisphosphoglycerate, including aldolase, TPI and GAPDH, are potentially modified in response to acute heat shock (cluster III), possibly to support ATP production under acute stress conditions through glycolysis. Acclimation to constant daily fluctuations of 10-30°C led to an increase in three enolase isoforms, phosphoglycerate kinase and F1-ATP synthase β-subunit. The three isoforms of enolase differ mainly in pI but not mass, suggesting that they differ in post-translational modifications. These changes also affected the response to acute heat shock following acclimation to 10-30°C, increasing the abundance of five additional GAPDH isoforms, TPI and enolase, as well as PDH. Thus, the reactions of the triangle between aldolase, GAPDH and TPI characterize the response to acute heat shock following acclimation to constant (10°C) and moderate temperature fluctuations (10-20°C), but more extreme fluctuations require several additional enolase and GAPDH isoforms and phosphoglycerate kinase. A possible explanation for the number of enolase and GAPDH isoforms are post-translational modifications, e.g. glutathionylation, which is known to modify and affect the activity of GAPDH, TPI and aldolase (Dalle-Donne et al., 2009; Fratelli et al., 2003) . In addition, enolase is modified by phosphorylation, acetylation and methylation (Zhou et al., 2010) .
Energy metabolism conclusions
The prominence of arginine kinase and glycolytic protein isoforms, e.g. GAPDH, in the proteomic responses to temperature acclimation and heat shock suggest an important role for phosphotransfer proteins and glycolysis in maintaining energy homeostasis in muscle tissue during temperature fluctuations. Creatine kinase (and by extension arginine kinase as well as adenylate kinase) and GAPDH (and phosphoglycerate kinase) are recognized as playing a role in providing an efficient intracellular network that couples ATPconsuming with ATP-producing processes based on nearequilibrium metabolic reactions, thereby improving the efficiency of the transfer of phosphoryl groups, specifically in cardiac muscle tissue (Dzeja and Terzic, 2003) . The proteomic fingerprint we identified suggests that such a network exists in claw muscle and that it is modified during temperature fluctuations and acute heat shock conditions that temporarily demand high ATP turnover. This further suggests that the energetics of temperature acclimation are dependent on the restructuring of the cellular architecture, specifically the microstructure of those networks that are able to maintain ATP concentrations despite greatly fluctuating rates of ATP consumption (Hochachka, 2003) .
Hemocyanin
We identified eleven isoforms of hemocyanin, an oxygen-carrying protein of arthropods and molluscs (Burmester, 2001 ). In addition to its role as oxygen-carrier, hemocyanins have been shown to undergo a transition to function as catechol oxidases under certain in vivo conditions, and thus play a role in the sclerotization of the crustacean post-molt exoskeleton (Decker and Jaenicke, 2004) . Hemocyanins also function as antimicrobial peptides after the Cterminal end is cleaved off during infection (Destoumieux-Garzón et al., 2001; Lee et al., 2003) .
Hierarchical clustering of the hemocyanin isoforms suggests two major clusters (Fig. 5) . Cluster I represents five isoforms that showed higher abundances with acclimation to 10-30°C, whereas cluster II has six isoforms that increased with heat shock following 10°C and 10-20°C, including one isoform that increased with heat shock following acclimation to 10-30°C. All hemocyanin isoforms in cluster I had masses equal or greater than 65 kDa, representing the full-length sequence. In contrast, all six isoforms of cluster II had masses between 24 and 48 kDa, and higher pIs than isoforms from cluster I. An almost identical pattern of hemocyanin isoforms was observed in hemocytes of the Pacific white shrimp Penaeus vannamei upon virus infection (Chongsatja et al., 2007) . Subsequent work showed that isoforms similar to those with low molecular mass in cluster II are peptides cleaved off the N-terminal hemocyanin sequence in white shrimp (Havanapan et al., 2009) . Hemocyanin isoforms of intermediate mass (spots 62, 138 and 179) may represent peptides cleaved off the C-terminus and may be phosphorylated by the ERK1/2 MAP kinase signaling pathway (see below for link to inflammation), explaining the relatively low pI of two of these isoforms (Havanapan et al., 2009) . Only one of these three isoforms increased with heat shock after 10-30°C (spot 138).
Thus, the majority of cluster I represents full-length hemocyanin isoforms that were most likely increasing abundance in response to extreme daily temperature fluctuations, possibly to supply more oxygen. Cluster II most likely represents N-and C-terminal peptides cleaved off from full-length hemocyanins.
Cytoskeletal proteins
In myofibrillar tissue, cytoskeletal elements compose the sarcomeres that are involved in muscle contraction. We identified a number of cytoskeletal proteins changing in response to temperature fluctuations. We separated these proteins into three functional categories: thick filament (myosins), thin filament (actins) and actinbinding proteins.
Thick filament proteins (myosins)
We identified 22 thick filament proteins, including isoforms of myosin heavy chain (MHC), myosin regulatory light chain (MLC) and paramyosin (Fig. 6) . Whereas the N-terminus of MHCs and MLCs make up the head of the thick filament that forms crossbridges with actin, the C-terminus of MHCs makes up the rod (Clark et al., 2002) . Paramyosins are part of the core of the rod in invertebrates (Hooper et al., 2008; Squire, 2009) .
The PCA showed that changes in thick filament proteins contribute greatly to variation in the heat shock effect (Table 2) , and this is shown in their hierarchical clustering (Fig. 6 ). For example, proteins in cluster IV showed sharply decreasing abundances following acute heat shock, regardless of acclimation regime. This cluster contains five isoforms of the regulatory MLC with molecular masses between 20 and 24 kDa (with one exception), as predicted, and five MHC isoforms, which suggests that acute thermal stress might negatively affect modulation of sarcomeric power output and stabilization of the MHC tail region (Tohtong et al., 1995; VanBuren et al., 1994) . Several MHC isoforms from cluster IV showed increased abundances during acclimation, especially to 10-30°C, and range in mass from 75 to 108 kDa, below the predicted mass of 205 kDa (Mykles, 1997 ), a mass above the mass range of our 2-D gels. Myosin fragments of this size have been identified to form during apoptosis, using 2-D gel electrophoresis (Suarez-Herta et al., 2000) and could be the result of a heat-activated increase in proteolytic activity of the proteasome (Mykles and Haire, 1991) . However, the fact that these isoforms showed increased abundances with acclimation to greater temperature fluctuations and showed reduced abundances with heat shock, suggests that it is a chronic and not an acute temperature stress signal, leading to this fragmentation pattern. It seems unlikely that apoptosis was elevated at 10°C acclimation (relative to heat shock), but an increase with greater temperature fluctuations at control conditions (10°C) would be a reasonable hypothesis.
While cluster IV decreased in response to heat shock, abundances of proteins of clusters I, II and III increased with heat shock in an acclimation-dependent manner. All heat-shockinduced isoforms of MHC and paramyosin, which are known in decapod crustaceans to be indicative of fiber type (Medler et al., 2004) , had masses below their predicted range. For some MHCs (cluster I and II), these were even lower than for the 10-30°C acclimation-induced MHC fragments (cluster IV), but they were also from a different MHC type, suggesting that they originated from a separate proteolytic target. Because these changes were heat-shock-specific, it is possible that these changes are indicative of the beginning of an increase in protein turnover for fiber type switching between fast twitch (F), slow twitch (S 1 ) and slow 
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The Journal of Experimental Biology (2015) doi:10.1242/jeb.112250 phasic (S 2 ) in response to heat shock. In support of this hypothesis, the 10-30°C acclimation plus heat shock increased slow-twitch tropomyosin (see below), suggesting a shift to S 1 fiber type. Interestingly, gelsolin fragments, which are still able to sever actin filaments and represent an apoptotic signal (Kothakota et al., 1997), increased at 10-20°C acclimation plus heat shock (see below), possibly indicating that a 30°C heat shock following moderate temperature fluctuations causes a restructuring of the entire actomyosin complex.
Thin filament proteins (actins)
Thin filaments are made of α-and β-actins and are the most abundant proteins in muscle tissue. We identified 30 different isoforms, with six cardiac-like muscle isoforms and 24 isoforms that are homologous to both α-actin of Homarus americanus and β-actin of Scylla paramamosain. In histochemical studies that examine crustacean actin, isoform diversity stems in part from tissue-and cellular-compartment-specific localization, including variants specific to the heart, skeletal muscle and cytoplasm (Varadaraj et 
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1996; Kim et al., 2009) . Artemia have at least 10 isoforms of actin, Homerus americanus has at least 12, and 8 have been found in Gecarcinus lateralis (Macias and Sastre, 1990; Ortega et al., 1992; Varadaraj et al., 1996; Kim et al., 2009 ). In the present study, we found 18 isoforms with a mass of at least 37 kDa, which is close to the predicted 42 kDa mass. The cytoskeleton is known to be involved in colocalization of energy metabolism enzymes and a separate study has verified this to be the case in P. cinctipes claw tissue (Götz et al., 1999; Cayenne et al., 2011) . Changes in abundance can be grouped into four clusters that showed a regular correlation with patterns of molecular mass. Cluster I showed increased abundances of two actin isoforms with a molecular mass of 45 and 46 kDa, close to the predicted 42 kDa, following acclimation to 10°C and 10-30°C (Fig. 7) . Cluster II showed three isoforms with masses below 28 kDa with increased abundances after 10-30°C plus heat shock. Cluster III showed increased abundances following 10-20°C plus heat shock, with four cardiac muscle actins that ranged from 12 to 41 kDa, and ten α/β-actins with masses from 17 to 57 kDa, including five isoforms between 17 and 32 kDa, a mass range that is unlikely to represent a full-length isoform. Cluster IV showed increased abundances of 11 actin isoforms (one a cardiac-like muscle actin) ranging from 50 to 58 kDa after acclimation to 10-30°C.
We can divide the clusters into acclimation (I), heat shock (III) and interaction clusters (II and IV). Clusters II and III, which showed increased abundance of actin fragments, indicate partial in vivo proteolysis during heat shock. The fact that gels from non-heatshock treatments did not show partial proteolysis suggests that the occurrence of fragments is not an artifact of our sample preparation protocol but is rather due to a low thermal stability intrinsic to actin, which depends on several actin-binding proteins and ATP levels, under in vivo conditions (Levitsky et al., 2008) . Also, we observed a similar heat-shock-induced pattern of partial proteolysis for actin isoforms in sea squirts of the genus Ciona (Serafini et al., 2011) .
Actin-binding proteins
Actin-binding proteins (ABP) that regulate the dynamics of actin monomers and filaments also changed in abundance. They can be categorized into four groups: actin filament stabilizing (tropomyosin, Tm; filamin and sarcomeric α-actinin), severing and capping (gelsolins), G-actin binding proteins that regulate F-actin filament length (profilin and cofilin) and regulatory proteins (troponin T, TnT) (Clark et al., 2002; Lee and Dominguez, 2010) . The protein isoforms we identified as belonging to these categories grouped into four clusters (Fig. 8) .
Although 10°C acclimation plus heat shock led to an increase in most ABP (with cofilin and tropomyosin being the exceptions) across several clusters, cluster I was also characterized by increased abundances of cofilin (or actin depolymerization factor), the actinsevering protein gelsolin, the anchoring protein α-actinin and troponin T, which organizes the actin filament regulatory complex (Clark et al., 2002) , following 10-20°C acclimation plus heat shock. Thus, we hypothesize that chronic moderate temperature fluctuations plus heat shock sever and depolymerize actin filaments and thereby activate actin filament restructuring (Lee and Dominguez, 2010). Moderate temperature fluctuations may also strengthen anchoring of filaments to the Z-line through α-actinin. Interestingly, this cluster coincides with an increase in the number of actin fragments ( Fig. 7; cluster III) .
Cluster II is the 10-30°C acclimation cluster with increased abundances of filamin, gelsolin and troponin (Fig. 8) . The functions involve anchoring or bundling of actin filaments, severing and regulation of the tropomyosin-actin interaction, respectively. Cluster III showed an increase in two of the three proteins of the cluster, filamin and profilin, at 10°C acclimation plus heat shock, suggesting the need for anchoring or bundling actin filaments and binding of monomeric actin to control actin filament growth.
All three actin-stabilizing proteins showed an increase in abundance following 10-30°C and heat shock in cluster IV. Tropomyosins stabilize filaments (Wegner, 1982) , actinins anchor filaments to the Z-line in striated muscles (Clark et al., 2002) , whereas filamins may anchor or bundle actin filaments (van der Flier and Sonnenberg, 2001). Interestingly, this cluster increased abundances in response to an acute heat shock but not the 10-30°C acclimation and thus represents a strategy to stabilize actin filaments during acute heat shock only. Actinin and filamins but not tropomyosin also increased in response to heat shock following the 10°C acclimation.
Overall, heat shock triggered increased abundances for ABP involved in stabilizing actin filaments following acclimation to 10°C and 10-30°C but not to 10-20°C, based on the abundance patterns of actinin (spot 127 only), several filamins, and tropomyosin (10-30°C plus heat shock only). Our interpretation suggests that acclimation to 10-20°C plus heat shock caused actin filament severing and depolymerization, based on changes in gelsolin and cofilin, respectively, and therefore limited actin filament growth and length. Three different troponin T isoforms were abundant following acclimation to 10°C, 10-20°C and 10-30°C plus heat shock, respectively. Troponin T anchors tropomyosin to the troponin trimer complex, and in conjunction with actin, is responsible for producing the 'swivel' effect in muscles (Myers et al., 1996; Murakami et al., 2008) . Thereby, troponin T is thought to organize the regulatory complex of actin filaments (Clark et al., 2002) . Finally, there is only one 10-30°C acclimation cluster (II) with high abundances of filamin C, gelsolin and troponin T, suggesting that chronic temperature fluctuations require increased bundling of actin filaments, greater rates of severing and modifications of the regulatory complex of the actomyosin interactions.
Thin filaments and actin-binding proteins
Thin filaments (actins) showed a much greater number of fragments at 10-20°C plus heat shock than at 10-30°C plus heat shock (Fig. 7 , cluster III versus cluster II), indicating a greater resistance to partial proteolysis during heat shock following acclimation to 10-30°C. This pattern corresponds to increased abundances of actinin, which anchors actin to the Z-line (Clark et al., 2002; Wegner, 1982) , tropomyosin, which stabilizes actin filaments (Clark et al., 2002; Wegner, 1982) and filamin, an actin-anchoring or actin-bundling protein (van der Flier and Sonnenberg, 2001) ( Fig. 8; cluster IV) . Thus, all three of these ABPs increased during heat shock following acclimation to 10-30°C only and possibly stabilized actin filaments and thereby reduced fragmentation. Thus, extreme but not moderate daily temperature fluctuations lead to an increase in proteins that stabilize actin filaments and enhance their anchoring to the Z-line and thereby possibly reduce fragmentation during acute heat shock.
In a pattern that complements the pattern of actin stabilization, the greater fragmentation of actin during heat shock following acclimation to 10-20°C is accompanied by increased abundances of cofilin (actin depolymerization factor), gelsolin, actinin and tropomyosin ( Fig. 8; cluster I ). At least in the case of cofilin and gelsolin, it seems likely that greater filament depolymerization and severing may increase the susceptibility of actin to partial proteolysis during heat shock. This is consistent with the observation that filamentous actin is much more thermally stable and therefore resistant to partial proteolysis than globular actin (Levitsky et al., 2008) .
We hypothesize that acclimation to extreme temperature fluctuations (10-30°C) induces resistance to actin filament depolymerization and severing during heat shock (no increase in cofilin and gelsolin), in part through the greater thermal stability of filamentous versus globular actin. We further hypothesize that acclimation to mild temperature fluctuations (10-20°C) induces an increase in actin filament depolymerization and severing proteins during heat shock (30°C) and therefore greater G-actin formation, which, because G-actin is thermally more labile and supposedly unfolds more readily during heat shock, increases access to proteases and therefore increases partial proteolysis. It is unclear whether the putative greater sensitivity for increased filament severing under the 10-20°C acclimation plus heat shock conditions reflects a more dynamic actomyosin complex under control conditions, and whether greater filament stabilization following 10-30°C plus heat shock indicates a more rigid actomyosin complex under control conditions. We propose that actin filament dynamics may be undergoing adjustments, e.g. compensations, during temperature acclimation to maintain properties of the actomyosin complex similar to those known for enzyme activities and membrane fluidity (Hochachka and Somero, 2002) .
Signaling proteins Calcium ion regulation
Changes in Ca 2+ concentration affect cellular processes, ranging from transcriptional activity in the nucleus to changes in muscle contraction in myofibrillar tissues (Clapham, 2007) . In crustaceans, Ca 2+ regulation plays a key part in the molt cycle, depleting calcium from the CaCO 3 cuticle during proecdysis (pre-molt) and restoring it during the post-molt sclerotization process (Ahearn et al., 2004) .
Sarcoplasmic Ca
2+
-binding proteins (SCPs) belong to the family of EF-hand calcium-binding proteins and are found only among invertebrates (White et al., 2011; Gao et al., 2006; Hermann and Cox, 1995) . We identified two isoforms of SCPs with estimated masses of 22 kDa (spot 94) and 21 kDa (spot 95). One isoform (spot 95) showed a lower level with heat shock after acclimation to 10°C and 10-30°C, the other one (spot 94) a decrease in abundance after acclimation to 10-20°C (Fig. 9) . Spot 94 clusters with farnesoic acid Omethyltransferase and a notch homolog, possibly suggesting a role in inhibiting developmental processes during heat shock following the 10°C acclimation. Our MS/MS analysis identified the same three peptides for both SCP spots, and did not resolve why these SCPs have separate positions. Three SCP isoforms are possible splice variants in the freshwater crayfish Procambrus clarkii (White et al., 2011 
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The Journal of Experimental Biology (2015 Biology ( ) doi:10.1242 Although the exact function of SCPs is currently unknown (White et al., 2011) (Clapham, 2007) . Thus parvalbumin, and presumably SCP, limits competition with troponin C during contraction through slow Ca 2+ uptake, which increases efficiency of the actomyosin contractile apparatus (White et al., 2011; Berchtold et al., 2000; Wang and Metzger, 2008) . Thus, it is possible that an increase in SCP leads to a sequestering of more Ca 2+ and therefore a change in the interaction between actin and myosin. Regulation of cytosolic Mg 2+ and Ca 2+ could also be important mechanisms for dealing with temperature-related environmental stress, because a change in Mg 2+ concentration is associated with cold shock in P. clarkii (White et al., 2011) .
FK506-binding protein (FKBP) is a prolyl isomerase characterized by the binding of the immune suppressant FK506; it stabilizes the closed state of two calcium channels, ryanodine and IP 3 receptor (MacMillan, 2013) . Its abundance increased, which suggests that muscle contraction is inhibited, with heat shock following acclimation to 10°C and 10-20°C.
Sesquiterpenoid metabolism
Farnesoic acid O-methyltransferase (FaMeT) catalyzes the conversion from farnesoic acid to methyl farnesoate, a sesquiterpenoid that is involved in crustacean morphogenesis, reproduction and molting (Kuballa et al., 2011; Nagaraju, 2011) . Transcripts for FaMeT have been detected in multiple crustacean tissues, including muscle (Nagaraju, 2011; Ruddell et al., 2003) . The abundance of FaMeT increased with heat shock following acclimation to 10°C, decreased in response following 10-20°C, and increased again following 10-30°C (Fig. 9) . Gill tissue showed changes in two FaMeT isoforms in response to pH and emersion stress (our unpublished data). Both, temperature and salinity affected testicular development in a MF-dependent fashion in Carcinus maenas (Nagaraju and Borst, 2008) . Together, these results suggest an important role for FaMeT in the response of crustaceans to acute environmental stress.
Inflammation
We identified five proteins of diverse functions that may be suppressing inflammation (Figs 9 and 10): RAF kinase inhibitor protein or (RKIP; also known as phosphatidylethanolamine-binding protein or PEBP) (Granovsky and Rosner, 2008) , NADP-dependent leukotriene B 4 hydroxydehydrogenase (LTB 4 DH) also known as prostaglandin reductase, a protein directly involved in the inactivation of the inflammatory mediator leukotriene B 4 (LTB 4 ), phosphohistidine phosphatase (PHP)-like janus protein, 14-3-3ζ and FKBP (see above). The four proteins possibly inhibiting inflammation fall into two clusters that show increasing abundances with heat shock following acclimation to 10-20°C (II: PGR and PHP) and 10°C (III: RKIP and 14-3-3). We hypothesize that heat shock suppresses inflammation after acclimation to 10°C and 10-20°C but not 10-30°C.
RKIP possibly represents a central node in a hypothetical network of signaling pathways that regulate inflammation (Fig. 10) . RKIP inhibits the MEK-ERK1/2 MAP kinase module (Yeung et al., 2000; Yeung et al., 1999) and thereby the phosphorylation of phospholipase A 2 , directly inhibiting the synthesis of proinflammatory prostanoids from arachidonic acid, including prostaglandin E 2 (PGE), via cyclooxygenase (COX) and leukotrienes, such as leukotriene B 4 (LTB 4 ) via lipooxygenase (LOX). Further downstream, prostaglandin reductase (PGR), which also functions as LTB 4 DH, catabolizes PGE and LTB 4 into inactive metabolites, thereby suppressing an immune reaction and hemocyte recruitment (Marks et al., 2009; Tai, 2011) . In addition to being MEK ERK (Yeung et al., 1999) inhibited by RKIP, RAF kinase, as part of the ERK1/2 MAP kinase module, can be inhibited if it gets phosphorylated by protein kinase A (PKA) and subsequently sequestered from the membrane by 14-3-3 (Dumaz and Marais, 2003) . RKIP also interferes with the activation of the pro-inflammatory transcription factor nuclear kappa B (NFκB) by inhibiting the phosphorylation of the inhibitor protein IκB through IκB kinase, which, in turn, inhibits the disassociation of NFκB-IκB to an active form of NFκB (Yeung et al., 2001 ). Finally, phosphorylated RKIP binds to G-protein-coupled receptor kinase (GPCR kinase or GRK), leading to the dissociation of a Gprotein-GPCR complex and prolonged G-protein signaling (Keller et al., 2004; Lorenz et al., 2003) . Interestingly, it is a GPCR that activates the ERK1/2 module. Furthermore, it is possible that a β-subunit of the G-protein is a substrate of phosphohistidine phosphatase (PHP) (Lorenz et al., 2003) . Notch is a transmembrane receptor protein that is activated by ligands from other cells during development, triggering the proteolytic cleavage of the intracellular domain of notch, which activates gene expression by the NFκB-like transcription factor CSL (Marks et al., 2009) . Also, there is evidence for a synergistic interaction between notch and NFκB (Barbarulo et al., 2011) . Furthermore, notch seems to modulate cellular metabolism, specifically glucose uptake and glycolysis (Ciofani and Zúñiga-Pflücker, 2005; Graziani et al., 2008; Landor et al., 2011) , and thus might be involved in regulating some of the changes in abundance of glycolytic enzymes with heat shock following acclimation to 10°C.
Conclusion
PCAs based on the significantly changing proteins showed that the response to heat shock is greater following acclimation to 10°C and 10-30°C in comparison to 10-20°C (Fig. 2) . Thus, the 10-30°C acclimation regime was severe enough that porcelain crabs did not acclimate to a daily occurrence of a 30°C heat shock. The fact that the response to heat shock following acclimation to 10-20°C was limited, suggests that the proteomic changes that occurred during acclimation increased resistance to a subsequent 30°C heat shock. However, there are few changes accompanying the 10-20°C acclimation regime per se. Increasing levels of actin fragments and the actin-binding proteins cofilin, gelsolin and actinin with heat shock following acclimation to 10-20°C suggest that organisms are instead primed to deal with heat shock by changing actin filament structure and possible dynamics while changing other cellular processes only to a limited extent. In this context, it is worth noting that we did not detect any molecular chaperones in any of the treatments, with the exception of FKBP, most likely because they are less abundant than the proteins we detected (Carberry et al., 2014) .
Heat shock following acclimation to 10°C is presumably the most stressful of our treatments, as indicated by PCA (Fig. 2C) . Heat shock caused a strong increase in ATP-buffering (Fig. 3, cluster III) , glycolysis (one GAPDH), actomyosin restructuring (two paramyosin and MHC isoforms), a number of ABP and signaling proteins that might suppress an immune response. Heat shock after acclimation to 10-30°C was similarly stressful, based on our PCAs ( Fig. 2A,B) . Acclimation to daily 10-30°C (measured at 10°C) increased ATP-buffering, metabolic (enolase, phosphoglycerate kinase and ATP synthase), respiratory (hemocyanin) and filament (MHC and actin) proteins. A subsequent 30°C heat shock increased ATP-buffering, different metabolic (TPI, GAPDH, enolase and PDH), one respiratory (hemocyanin) and several filament (MHC and actin) proteins as well as actin-binding proteins that stabilize actin filaments (filamin, actinin and tropomyosin).
Thus, temperature fluctuations always require ATP buffering and greater fluctuations require modifications of glycolytic proteins and ATP synthase, as well as an increase in hemocyanins. Chronic temperature fluctuations require modifications in thick and thin filaments. Most importantly, moderate temperature fluctuations are characterized by proteins that depolymerize and sever actin filaments, possibly to restructure actomyosin fibers to modify ATPturnover rates, whereas extreme temperature fluctuations increase the proteins that stabilize actin filaments. It is possible that both changes cause actomyosin fibers to modify their functional properties. Finally, acute heat shock inhibits inflammation, possibly making crustaceans more susceptible to pathogens.
The proteome of claw muscle adjusted to temperature fluctuations by modifying proteins involved in ATP production, oxygen transport, the structure and dynamics of the actomyosin complex and inflammation. Acute heat shock is always the dominant driver of these changes. Acclimation to 10°C caused the greatest proteomic changes, acclimation to 10-20°C required few additional proteomic modifications and acclimation to 10-30°C required intermediate proteomic changes in response to a subsequent acute 30°C heat shock. The daily occurrence of an acute 30°C heat shock is thus above the threshold at which P. cinctipes is able to fully acclimate. Our results suggest that whereas intertidal crustaceans are already experiencing great temperature fluctuations, which are preparing the animals for a subsequent greater heat shock, more extreme fluctuations will be physiologically costly because of the daily and broad modifications of the proteome associated with such shifts in temperature ranges.
MATERIALS AND METHODS

Animal collection, maintenance and experimental design
Adult Petrolisthes cinctipes (Randall, 1839) were collected from the intertidal zone of Fort Ross, CA, USA (38°30′51″ N, 123°14′34″ W) in October 2008. The crabs were transported to the Romberg Tiburon Center for Environmental Studies (San Francisco State University, Tiburon, CA, USA), where they were maintained in a common garden acclimation under constant immersion at 10°C for 30 days. Following the common garden, crabs were randomly placed into three treatment groups. Over 30 days, these groups experienced acclimation at either 10°C ('constant') or daily heat ramps from 10-20°C ('moderate') or 10-30°C ('extreme'). All thermal acclimations had temperature precision of at least ±0.5°C. In the two groups that experienced heat ramping, temperature was gradually increased over a 5 h period to the respective peak temperature, and then cooled to 10°C over 1 h. After these temperature acclimations, crabs from each treatment were randomly placed in either a constant 10°C immersion or given a ramp-up to 30°C heat shock over 5 h. All individuals were given a 1 h recovery period at 10°C before being flash frozen in liquid nitrogen and stored at −80°C. Four claw segments (dactyl, propodus, carpus, and merus) were dissected and transported to the Environmental Proteomics Laboratory (Cal Poly, San Luis Obispo, CA, USA) on dry ice for proteomic analysis.
The preparation of the muscle tissue samples and the exploratory statistical analyses following published protocols and procedures (Fields et al., 2012b; Serafini et al., 2011; Tomanek and Zuzow, 2010; Tomanek et al., 2012; Tomanek et al., 2011) are described below. We analyzed tissues from N=5-6 animals per treatment (Figs 3-9 ). There was no mortality recorded during acclimation and following the acute heat shock treatment.
Homogenization
Claw tissue was lysed in ground glass homogenizers in a 1:4 ratio of homogenization buffer [7 mol l −1 urea, 2 mol l −1 thiourea, 1% ASB (amidosulfobetaine)-14, 40 mmol l −1 Tris-base, 40 mmol l −1 dithiothreitol and 0.5% immobilized pH 4-7 gradient (IPG) buffer (GE Healthcare, Piscataway, NJ, USA)], solubilized at 20°C for 1 h, and then centrifuged at 16,100 g for 30 min at 20°C. Proteins were precipitated from the supernatant using a 1:4 ratio of ice-cold 10% trichloroacetic acid in acetone with an
RESEARCH ARTICLE
The Journal of Experimental Biology (2015 Biology ( ) doi:10.1242 overnight incubation at −20°C. The samples were centrifuged at 18,000 g for 15 min at 4°C, after which the supernatant was discarded and the protein pellet washed with ice-cold acetone. Samples were again centrifuged according to the previous parameters and the supernatant was discarded. After briefly drying in air, the protein pellets were re-suspended in rehydration buffer [7 mol l −1 urea, 2 mol l −1 thiourea, 2% CHAPS (cholamidopropyldimethylammonio-propanesulfonic acid), 2% NP (nonyl phenoxylpolyethoxylethanol)-40, 0.002% Bromophenol Blue, 0.5% IPG (4-7) buffer and 100 mmol l −1 dithioerythritol] and solubilized at 20°C for 1 h. To determine the protein concentration in each sample, a concentration assay was performed using the 2-D QuantKit (GE Healthcare) according to the manufacturer's instructions.
Two-dimensional gel electrophoresis
For first dimension electrophoresis, proteins were separated according to their isoelectric points (pI), using IPG gel strips (pH 4-7, 11 cm; GE Healthcare). Protein samples were diluted to a concentration of 2 μg μl −1 in rehydration buffer and 200 μl (400 μg) was loaded onto each IPG gel strip in one well of an isoelectric focusing cell (Bio-Rad, Hercules, CA, USA). Protein solution was absorbed into each IPG gel strip over 5 h of passive rehydration followed by 12 h of active rehydration at 50 V. Separation and focusing of proteins was performed by running gel strips at 500 V for 1 h, 1000 V for 1 h and then 8000 V for 2.5 h (maximum current 50 μA; all voltage changes occurred in rapid mode). After isoelectric focusing, gel strips were frozen at −80°C. After freezing for at least 1 h, gel strips were prepared for second dimension SDS-PAGE by incubating them in equilibration buffer (6 mol l −1 urea, 375 mmol l −1 Tris base, 30% glycerol, 2% SDS, 0.002% Bromophenol Blue) at 20°C for two 15 min intervals, first with 65 mol l −1 dithiothreitol and then with 135 mol l −1 iodoacetamide. Gel strips were then placed over 11.8% polyacrylamide gels and run (Criterion Dodeca; Bio-Rad) for 55 min at 200 V. Following electrophoresis, gels were stained using colloidal Coomassie Blue (G-250) overnight and then destained through repeated washing with milliQ water over 48 h. Gels were then scanned with an Epson 1280 transparency scanner (Epson, Long Beach, CA, USA).
Gel image analysis
Digitized 2D gel images were analyzed using Delta 2D (version 3.6; Decodon, Greifswald, Germany) (Berth et al., 2007) . To detect protein spots, gels from all treatments were multiplexed into a single fused image. The spot boundaries detected on the fused image were transferred back to the individual gels, establishing protein spot parameters for each gel. Following background subtraction, the relative spot volume of each protein was quantified by normalization against the total spot volume of all proteins in the gel image.
Mass spectrometry
Gel plugs were prepared for analysis using mass spectrometry (MS) according to previously published methods (Fields et al., 2012; Tomanek and Zuzow, 2010) . Briefly, peptide mass fingerprints (PMFs) were obtained using a matrix-assisted laser desorption/ionization tandem time-of-flight (MALDI-ToF-ToF) mass spectrometer (UltraFlex II; Bruker Daltonics, Inc., Billerica, MA, USA). To obtain b-and y-ion parameters, at least six peptides were selected for tandem MS. Spectral analysis of peptides followed previously published methods (Fields et al., 2012; Tomanek and Zuzow, 2010) . FlexAnalysis (version 3.0; Bruker Daltonic, Inc.) was used to detect peptide peaks, using a signal-to-noise ratio of 6 for MS and 1.5 for MS/MS. Internal mass calibration was performed using porcine trypsin. Proteins were identified using Mascot (version 2.2; Matrix Science, Inc., Boston, MA). PMFs and tandem mass spectra were combined and searched against the Porcelain Crab Array Database (PCAD), an EST library for P. cinctipes that contains 19,000 unique sequences (Tagmount et al., 2010) . Spectra that could not be identified with PCAD were searched against an EST library for the boreal spider crab Hyas araneus (Harms et al., 2013) . One missed cleavage was allowed during searches. For the MS/MS analysis, the precursor-ion mass tolerance was set at 0.6 Da (default Mascot value). Search results were deemed significant (P≤0.05) if their molecular weight search (MOWSE) score was 42 or higher for PCAD and 34 or higher for the H. araneus EST. For results with a significant MOWSE score, only positive identifications that included two matched peptide sequences were accepted.
Exploratory statistical analysis
We compared protein abundances between treatment groups via average linking of individual gels (Delta 2D) using a Pearson correlation metric. We performed a two-way ANOVA (P≤0.02) comparing thermal acclimation versus acute heat shock effects and grouped significantly changing proteins into hierarchical clusters. To better understand the importance of particular proteins in characterizing the proteomic response to different temperature treatments, we used PCA (Delta 2D) based on proteins whose expression profiles significantly changed, regardless of whether they were identified with MS. Of the proteins that were identified with MS, we assigned component loading values which are quantifications of a protein's contribution to sample separation along a given component. 
